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Barium titanate (BaTiO 3 ) base-metal electrode multilayer ceramic capacitors of an X7R-formulation, sintered at 12001C under low oxygen partial pressures (of pO 2 % 10 À9 and 10
À11
atm, respectively), followed by annealing at 10001C in an atmosphere containing a higher oxygen partial pressure (of pO 2 % 10
À5
-10 À6 atm), have been analyzed for crystalline phases using X-ray diffractometry, for microstructure using transmission electron microscopy, and for microchemistry using energy-dispersive X-ray spectroscopy and electron energy loss spectroscopy. The classical core-shell structure characterized by a core consisting of tetragonal ferroelectric {011) domains and featureless shell (designated type I) was observed only in sample A sintered in pO 2 % 10 À9 atm. For sample B sintered in pO 2 % 10 À11 atm, the core-shell structure is predominantly type II, consisting of a featureless shell similar to type I, but a core of modulated domains. The core of type II contained incommensurately modulated {111} superlattice domains along /111S. The superlattice can be described by a displacive modulation with incommensurate wave vectors k 1 5 0.58a Ã , k 2 5 0.58b Ã , and k 3 5 0.58c Ã . It is due to the ordering of defect associates ðTi 0 Ti ; V O Þ , generated extrinsically from sintering in low pO 2 . Shell thickness was determined by the lattice diffusion of Ca 21 solute cations into BaTiO 3 grains during sintering. The core-shell interface became less distinguishable in type II because defect associates ðTi 0 Ti ; V O Þ , unlike those in type I, were not completely eliminated by re-oxidizing in pO 2 % 10 À5 -10 À6 atm, but became ordered along /111S and gave rise to structural modulation.
I. Introduction
T HE Barium titanate (BaTiO 3 ) powder with acceptor [1] [2] [3] and amphoteric dopants 3, 4 according to the X7R formulations produces multilayer ceramic capacitors (MLCCs) of temperature stability within 715% of the room-temperature capacitance in the range of À551 and 11251C. Making to MLCCs when adopting Ni base-metal electrodes (BME), the ceramicmetal thin-layer stacks are typically sintered at B12001C at a low oxygen partial pressure between B10 À9 and 10 À11 atm. 3, [5] [6] [7] [8] Sintering is often conducted with B1-2 wt% of liquid-phase additives, e.g., BaO-SiO 2 . 9 Oxygen vacancies, possessing two positive effective charges when fully ionized, generated extrinsically in low pO 2 , played a crucial role in the long-time failure of MLCCs. Failure of the capacitors was believed [9] [10] [11] [12] to occur by a degradation mechanism when such vacancies migrated toward the cathode. The degradation in insulation resistance was dependent kinetically on the time, electric field, and temperature.
The extrinsic oxygen vacancies had been thought 3,4,10 to be randomly distributed within the dielectric layers until transmission electron microscopy (TEM) microstructure analysis revealed [5] [6] [7] [8] that the long-range ordered, modulated structure along /111S was associated with these vacancies in BaTiO 3 grains. Oxygen vacancies were usually reported to exist along the twin boundaries of the {111} growth twins 13, 14 in pressureless-sintered ceramics and the {111} nanotwins 15 in BaTiO 3 thin films. Two crystal parts are related by sharing the {111} twin plane where corner-sharing TiO 6 octahedra in aristotype cubic BaTiO 3 has changed to face-sharing Ti 2 O 9 groups. [13] [14] [15] Reduction of Ti 41 to Ti 31 occurred 13 in the ceramic, with oxygen vacancies being the principal charge-compensation defect generated extrinsically on the O(1) site 16 of the BaO 3 {111} planes. Almost all BaTiO 3 grains in X7R-formulated capacitors [5] [6] [7] [8] were characterized by the classical core-shell structure, 8, [17] [18] [19] [20] [21] [22] which is directly connected to the dielectric behavior. Recent microstructure observations [5] [6] [7] [8] conducted on dc-degraded BaTiO 3 -BME MLCCs have suggested that the origin of degradation lies with the ordering of high-concentration oxygen vacancies in the core region of the core-shell structure. Further, re-oxidation at lower temperatures in an oxygen partial pressure higher than that in the sintering atmosphere has effectively eliminated 7 the {111} structural modulations, and linear defects with the total insulation resistance of capacitors improved; the types of defects were nevertheless not specified.
In this study, efforts were concentrated on analyzing the development of core-shell in X7R-formulated BaTiO 3 BMEMLCCs. We have looked into the microstructure in order to elucidate how oxygen partial pressure in the sintering atmosphere has affected the formation and characteristics of coreshell. Two batches of MLCC chips were sintered at 12001C in B10 À9 and B10 À11 atm of oxygen partial pressures, respectively, and subjected to a similar re-oxidation step at 10001C in pO 2 % 10 À5 -10 À6 atm. Based on observations and argued from possible defect reactions, a model is proposed to illustrate schematically how the core-shell structure and the modulated core have evolved.
II. Experimental Procedure
MLCC chips based on an X7R formulation shown in Table I,   23 using BaO-CaO-SiO 2 as a liquid-phase sintering additive, were sintered in two successive stages. First, sintering was conducted at 12001C for 2 h under a reducing atmosphere containing oxygen at pO 2 % 10 À9 and 10 À11 atm for samples A and B, respectively, and both were followed by annealing at 10001C in pO 2 % 10
À5
Two TEMs were used to characterize the sintered microstructure: a JEOLt AEM 3010 (Tokyo, Japan) equipped with energy-dispersive spectroscopy (EDS, Link Systems, Oxford Instruments, Oxford, UK) and operating at 300 kV, and a Tecnait G 2 F20 (FEI, Hillsboro, OR) energy-filtered fieldemission microscope (FEG-TEM) equipped with both EDS (EDAX, Mahwah, NJ) and parallel electron energy loss spectroscopy (PEELS, Gatan, Pleasanton, CA) and operating at 200 kV. Thin foils were prepared by conventional mechanical grinding, polishing, and ion beam thinning to electron transparency. As-sintered chips (of B1200 mm thick) were ground on both sides to approximately half of the thickness before polished using diamond lapping films (3M, St Paul, MN) successively to an B1 mm surface roughness and B10 mm thickness. Thin sections were carefully stuck onto Cu rings using G1 glue before being Ar -ion beam thinned to electron transparency using a Gatan ion miller (DuoMillt or PIPSt, Gatan, Pleasanton, CA).
High-resolution images were contrast enhanced using fast Fourier transform (FFT) of DigitalMicrographt (Gatan).
III. Results
Sintered samples contained predominantly tetragonal (t-) BaTiO 3 (JCPDS 5-626), Ni (JCPDS 4-085), and Cu (JCPDS 4-836) from the electrodes, as shown in traces (a) and (b) of Fig. 1 for both batches of samples. The existence of a second phase, determined 24 to be Ca 2 Y 8 Si 6 O 26 (hexagonal, P6 3 /m (no. 176)) by selected area diffraction patterns (SADPs), coupled with chemical analysis, is registered by the reflection peak at 2y % 291, as arrowed.
A representative microstructure under optical microscopy (OM) is shown in Fig. 2 for sample A where each layer of the BaTiO 3 dielectrics and Ni electrodes B4.5 and B2.4 mm thick, respectively, can be easily identified. Residual pores along the Ni electrode layers, as indicated, suggest incomplete densification. Sample B also exhibited a similar microstructure.
(1) Microstructure of Sample A (Sintered in pO 2 5 10 À9 atm)
Grains in the BaTiO 3 dielectric layers are represented by the classical core-shell structure 3,17-22 ( Fig. 3(a) ), a paraelectric, featureless shell, and a ferroelectric core showing the ferroelectric domains, with a triple grain junction containing residual glassy phase. The core in grain A 1 was characterized by boundary fringes representing the 901 {011) t ferroelectric domains, [25] [26] [27] where t stands for tetragonal, while the shell (of B120 nm) appeared featureless under TEM. The core-shell boundary exhibited distinctive crystallographic faceting along {100} pc and {110} pc , where pc denotes pseudo-cubic, as shown in Fig. 3(b) . The crystallographic faceting formed at sintering temperatures is consistent with those found 28 before with residual pores in BaTiO 3 sintered in air. Such a core-shell structure similar to those reported [17] [18] [19] [20] [21] [22] before is designated type I. Microchemical analysis ( , and sintering aid Si, Ca was detected to concentrate in the shell (i.e., points 1, 2, and 5) when the core (i.e., points 3 and 4) did not exhibit any Ca peak. This core-shell interface in the vicinity indicated by the pointer is resolved by high-resolution imaging, as shown in Fig. 3(d) . No absence of the BaO 3 columns 29 was detected in the field of view (i.e., bright dots in Fig. 3(d) ), while the lattice fringes being uninterrupted (indicated) suggests a coherent interface containing no perfect dislocations 20 along /001S pc and /011S pc . The white line indicating the core-shell boundary does not indicate the exact interface position.
Ferroelectric domains (Figs. 4(a) and (b)) and wavy microstructure (Fig. 4(c) ) showing long-range fluctuations 30 were observed from within the core of a growing grain (A 2 ) with 10-side concave boundaries. The core is also characterized by domain fringes (Fig. 4(c) ), but the domains are no longer the ferroelectric {011) t 25-27 judging from the g vectors in corresponding SADP. The core had lost its waviness upon reaching the coreshell boundary. These domains were inclined to Z ¼ ½ 111 when the boundary fringes (indicated in Fig. 4(c) ) were visible. Tilting to g ¼ 01 1 of Z 5 [011], although the core-shell boundary was still distinguishable, the core itself had become less distinctive (Figs. 4(b) and (c)). At higher magnifications, it was revealed that the domain fringes subtending an angle of B711 (or 1091) and lying parallel to ð 11 1Þ and ð11 1Þ were undulating. The separation between domain fringes suggests a much finer domain size of B5 nm (Fig. 4(c) ) than the {011) t ferroelectric twins of tens of micrometers in size. 25, 26 Nevertheless, the existence of a featureless shell is unambiguous. Such a grain structure with an indistinctive core-shell interface in contrast to that reported [17] [18] [19] [20] [21] [22] before is designated type II. A significantly higher concentration of Ca (indicated) was again registered in the shell, as shown by electron energy loss spectroscopy (EELS) (Figs. 4(d) and (e)).
(2) Microstructure of Sample B (Sintered in pO 2 5 10 À11 atm)
Sample A contained a mixture of both types I and II core-shell. However, sample B contained predominantly type II where the core-shell interface was not readily differentiated under the microscope. A typical microstructure is shown in Fig. 5(a) ; only when the foil was tilted to two-beam conditions did the core become visible. Although HAADF imaging revealed other microstructure features, e.g., dislocations, triple-grain junctions, as shown in Fig. 5 (b) for grain B 1 , the core-shell boundary could not be distinguished unambiguously. Apparently, Ca of atomic number Z 5 20 and Ti of Z 5 22 are not resolved by atomic contrast under such imaging conditions. Grain B 2 , also containing a core-shell, is shown in Fig. 6 (a); unlike that in Fig. 3(a) , the ferroelectric domains were not readily discerned. The corresponding SADP, shown in the inset, revealed incommensurate side-band (or satellite) spots around the fundamental reflections along h11 1i as indicated. The featureless shell exhibited typical atomic images projected on (011) where the Ti columns 31 were discerned, as depicted in the schematic illustration inset in Fig. 6(b) . A disordered (or amorphized) region near the foil edge, where structure relaxation occurred, 32 or beam-induced loss of oxygen, 33 resulting in the background ring pattern (as arrowed in the pattern simulated by FFT), has also been resolved in the image.
The core in grain B 2 appeared modulated along h11 1i as indicated in Fig. 6(a) ; the modulated structure composed of a basic structure and a superlattice is better discerned by the highresolution image in Fig. 6(c) . The basic structure, i.e., t-BaTiO 3 , is superimposed by a periodic modulation at a wavelength of l % 2.314 nm (i.e., (Dg) À1 when a% 0.1g as determined from corresponding SADP) where an ordered superlattice structure along h11 1i is realized. FFT-simulated diffraction pattern (inset) also reveals a series of satellite spots that indicates [34] [35] [36] [37] a periodic distortion incommensurable with the basic structure (i.e., tetragonal P4mm (no. 99)), i.e., the fluctuations are not simple multiples of the unit cell of the basic structure. Structural modulation has occurred at an interval of B10 times of d 11 1 (5 0.2314 nm). The periodicity describes defect clustering [35] [36] [37] that has given rise to the modulated structure. The region appearing bright when imaged under slightly underfocus conditions (i.e., Dz40 from Scherzer defocus) indicates strains because of local lattice relaxation. 35, 36 Lattice relaxation and the compensating expansion in the rest of the structure were thought [5] [6] [7] [8] to be associated with the ordering of defect clusters containing oxygen vacancies, 6 similar to defect clustering in Fe 1-x O. [35] [36] [37] Similar to grain A 2 (Fig. 4(c) ), but with {011) t ferroelectric domains completely absent, grain B 3 exhibited a type II coreshell when two sets of domain fringes lying on ð11 1Þ and ð11 1Þ inclining B1091 (or 711) to each other were discerned, as shown in Fig. 7(a) . The FFT-simulated pattern from Z 5 [011] (inset) shows two sets of satellite spots along the respective reciprocal directions, as indicated. The framed region shown in Fig. 7(b) indicates the (011) projection, approximately 4 Â (1/2 Â 1.995 Â 1.420) nm 2 in area, from the supercell of the modulated structure. Assuming that the supercell is based on pc-BaTiO 3 (a pc 5 0.4031 nm), its parameters are therefore a super % c super 5 4.008 nm (i.e., a pc % 0.1 a super ) and the supercell is B(10) 3 a pc in size. 
IV. Discussion
In modulated structures, satellite reflections, usually of weaker intensities, arising because of the presence of periodic lattice distortions, are regularly distributed around the fundamental spots in reciprocal space. 30, [34] [35] [36] Commensurate and incommensurate 35, 36 superlattice of the displacive type is often found in structural phase transition 34 in ferroelectrics, antiferroelectrics, 32 and ferroelastics.
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(1) Size of Superlattice For crystals with three-dimensional (3D) modulation 34, 39 exhibiting characteristic satellite spots, the incommensurate modulated structure may be expressed as an irrational 3D intersection of a periodic structure in a (3 1 n)-dimensional space. Therefore, any diffraction vectors (H) can be specified by six integers, h 1 to h 6 , i.e., 31n where n 5 3, as
The modulation is described by the wave vector Fe Þ generated in pO 2 . Its structure has been described 35, 36 as a highly distorted (or paracrystalline) superlattice of B(2.51) initial formulation, 23 
Under low pO 2 , Ti 41 in BaTiO 3 is reduced to Ti 31 and becomes a self-doping acceptor; oxygen vacancies ðV O Þ are generated extrinsically as the principal charge-compensating defect to retain the overall charge neutrality. For Schottky intrinsic behavior in undoped BaTiO 3 , the defect reaction may be described by
Similarly, B-site acceptors in the X7R formulation, e.g., CaO, 1 MnO in reducing atomspheres, 42 and amphoteric oxides, 4 e.g., Y 2 O 3 form a solid solution with BaTiO 3 and generate extrinsically the negative-effective-charged substitutional defects, i.e., Ca The defect reaction represented by CaO can be described 2 by the following equation with the site relation Ba:Ti:O 5 1:1:3 in the parent lattice BaTiO 3 preserved, viz.,
with Ti 41 reduced to Ti 31 under low pO 2 , substitutional defects containing only a single negative effective charge, i.e., Ca would have been derived from the clustering and ordering of extrinsic defects. As higher Ca reading in the shell is confirmed (Fig. 4(d) ), and the structure modulation occurs only in the core (e.g., Figs. 6(c) and 7(b)), the ðTi 0 Ti ; V O Þ defect associates are likely to be the principal defect species responsible for the incommensurate superlattice. During sintering, the complex defects become ordered crystallographically along h11 1i of the basic structure [5] [6] [7] [8] and form a highly distorted lattice 34, 35 of average spacings of a super Â a super Â a super % 4.008 nm Â 4.008 nm Â 4.008 nm, constituting a supercell B1000 times of the size of t-BaTiO 3 .
Higher Ca counts in the shell are consistently detected by EDS (Fig. 3(c) ) and EELS (Fig. 4(d) ). While Ti [24] [25] [26] in the core [17] [18] [19] [20] [21] [22] of sample A (Fig. 4(a) ) where most of Ti 41 were not reduced to Ti
31
, exhibited a type I coreshell; others containing a modulated core became type II. Lowering pO 2 further to B10 À11 atm (sample B) had not only successfully reduced Ti 41 to Ti 31 for most part of the grains containing both Ti 0 Ti and V O but also significantly increased their concentrations. This had consequently produced a type II core-shell with less distinguishable core-shell interface and exhibiting a wavy, modulated structure ( Fig. 6(a) 20 by re-oxidation and this has also increased the shell thickness. The dielectric behavior of MLCCs is modified 43 accordingly.
(3) Evolution of Core-Shell
The disappearance of wavelike fluctuations at the core-shell boundary of grains in sample A (e.g., Fig. 4(c) ) infers that clustering of defects containing oxygen vacancies has been suppressed in the shell (of B50-120 nm). Diffusion of solutes, i.e., Zr 41 , toward the grain interior was thought 20 to occur during the evolution of a core-shell in ZrO 2 -doped BaTiO 3 sintered in Fig. 8 . Schematic diagrams illustrating the evolution of a core-shell in X7R-formulated BaTiO 3 ceramics, (a) type I, and (b) type II.
air. Consequently, ferroelectric domains had disappeared in the paraelectric shell of Ba(Ti,Zr)O 3 . [17] [18] [19] [20] Similarly, an acceptorcation Ca 21 forming solid solution 1 Ba(Ti,Ca)O 3 makes the shell paraelectric and featureless [17] [18] [19] [20] [21] [22] (Fig. 3(a) ). Diffusion of Ca 21 inward resulting in an inhomogeneous distribution is supported by EDS and EELS (Figs. 3(c), 4(d) , and (e), as discussed previously); similar to the Zr 41 -doped compositions, its inhomogeneity may then account for the core-shell formation. Oxygen vacancies generated under low pO 2 sintering are responsible for formation of the modulated core when oxygen diffusion during re-oxidation gradually diminishes it. The modulated domains lying in {111} are consistent with the {111} growth twins containing oxygen vacancies 28, 30 at the twin plane whose formation was stimulated by sintering under low pO 2 , e.g., Ar atmosphere. 44 The diffusive core-shell interface would be a transition region where newly oxidized modulated coreforming ferroelectric domains co-exist with a paraelectric shell of a higher solute content, and a modulated core of a lower solute content.
Based on microchemical analysis by EDS and EELS, a model illustrated schematically in Fig. 8 is proposed to account for core-shell evolution, both types I and II, in the X7R-formulated However, the blurred interface in sample B has made the shell thickness ambiguous (e.g., Fig. 4(c) ). As grains of sample A (type I core-shell) have been re-oxidized completely, the shell thickness is determined by Ca 21 inward diffusion. On the other hand, grains in sample B (type II core-shell) were only partially re-oxidized. The shell therefore appears to extend beyond the core-shell interface demarcated by the concentration of Ca 21 when O 2À diffuses at a faster rate further into the grains and has made the core to re-oxidize progressively, and the interface blurred. However, the type II core containing ðTi 
V. Conclusions
The inhomogeneous distribution of acceptor-cation Ca 21 is responsible for the core-shell grains in the X7R-formulated BaTiO 3 ceramics. The Ca 21 inhomogeneity was due to the lattice diffusion of Ca 21 into BaTiO 3 grains upon sintering. Most of the grains in sample A sintered under pO 2 % 10 À9 atm were re-oxidized in the re-oxidation step and resumed to a shell containing predominantly the ðCa 00 Ti ; V O Þ Â defect associates. Grains in sample B sintered in pO 2 % 10 À11 atm, however, were not fully re-oxidized and left behind a core containing the ðTi 0 Ti ; V O Þ defect associates. These defects, that became clustered and ordered, not only resulted in an incommensurate superlattice with ordering along h11 1i in the core but also obscured the core-shell interface initially demarcated by the Ca 21 inhomogeneity.
A model is proposed to account for the evolution of a core-shell in the X7R formulation. It is suggested that this model is equally applicable to MLCC ceramics based on BaTiO 3 compositions doped with other acceptor and amphoteric oxides.
